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Deterioration of diabetic nephropathy via
stimulating secretion of cytokines by atrial
natriuretic peptide
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Abstract

Background: Atrial natriuretic peptide (ANP) is a cardiovascular and metabolic hormone that has been identified
recently as being associated with chronic kidney disease (CKD) without diabetes. Cytokines such as interleukin-6 (IL-
6), tumor necrosis factor-α (TNF-α) and adiponectin (ADP) contribute to the development of type 2 diabetes
(T2DM). The aim here was to investigate the relationships of ANP with cytokine levels and clinical variables in T2DM
nephropathy patients.

Methods: A total of 81 participants with T2DM were recruited, including 37 patients with normoalbuminuria, 23
patients with microalbuminuria and 21 patients with macroalbuminuria. Serum concentrations of ANP and
cytokines were measured using enzyme-linked immunosorbent assay (ELISA) kits. The correlations between ANP
and clinical variables were analyzed. Multiple linear regression and logistic regression models were constructed to
test the associations between ANP and the severity and presence of albuminuria.

Results: The macroalbuminuria patients exhibited higher plasma levels of ANP, TNF-α, IL-6, and ADP; higher serum
creatinine (Cr) and blood urea nitrogen (BUN); and longer duration of diabetes mellitus (DM) than the patients with
normoalbuminuria and microalbuminuria. Plasma ANP level was significantly associated with TNF-α (r = 0.876, p <
0.001), IL-6 (r = 0.816, p < 0.001) and ADP (r = 0.772, p < 0.001), independent of the duration of DM or the BUN
concentration.

Conclusion: ANP is higher in type 2 diabetes mellitus nephropathy subjects, especially those who have
macroalbuminuria, which is associated with compensatory responses to inflammation.
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Background
Diabetic nephropathy (DN) is an important microvascular-
related diabetes complication that accounts for at least 50%
of end-stage renal disease (ESRD) [1, 2]. Early diagnosis of
DN prevents its progression to diabetic kidney disease.

By analyzing fundamental cytokines, we may find
markers that can identify T2DM and molecules that can
be targeted for treatment, particularly those predictive of
DN. Atrial natriuretic factor (ANP) refers to a member
of a family of cardiac- and vascular-derived hormones
primarily secreted from the atrial wall involved in the
control of increased volume or elevated blood pressure
[3]. ANP has been recently identified as acting on blood
vessels and the adrenal gland, exhibiting natriuretic and
vasodilating properties and critically controlling volume
homeostasis and blood pressure [4, 5]. Several analyses
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have demonstrated elevated serum levels of natriuretic
peptide in patients developing chronic kidney disease
(CKD) under the complication of impaired renal func-
tion. In those reports, the mentioned peptides seem to
be markers of renal function reduction or CKD progres-
sion [6, 7]. ANP also participates in adipose metabolic
pathways [8]. Adipose tissue is an important endocrine
tissue whose adipocytes and stromal cells secrete numer-
ous biologically active proteins and cytokines, respect-
ively [9]. Adiponectin (ADP) is a protein secreted only
by adipose tissues and appears to act as a hormone that
downregulates inflammatory responses in vitro. Like-
wise, decreased ADP is associated with T2DM and its
relevant macrovascular complications, as well as insulin
resistance [10, 11]. However, recent studies have pointed
out that the levels of urinary or serum ADP are elevated
in both primary nephrotic syndrome and DN [12, 13].
ANP may regulate adipocyte metabolism, including
ADP, through lipolysis, lipid oxidation, and adipocyte
browning, and it may directly influence macrophages
[14–16]. Several inflammatory cytokines (e.g.,
interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-
α)) play roles in glomerular and vascular endothelial cell
damage and affect the level of urinary albumin in T2DM
patients.
No data regarding the relationship between ANP levels

and DN are available. The present study aimed to ex-
plore the association between ANP and DN. The effect
exerted by ANP on T2DM albuminuria patients was an-
alyzed. Moreover, the concentrations of ADP along with
TNF-α and IL-6 were measured to elucidate the inter-
action, if any, of the mentioned cytokines and ANP in
patients stratified by albuminuria degree.

Methods
Subjects
Eighty-one patients diagnosed with T2DM were re-
cruited from the Department of Endocrinology of Nan-
jing First Hospital, Nanjing Medical University, from
May to August 2016. The study complied with the
Helsinki Declaration for the investigation of human sub-
jects. The Ethics Committee of Nanjing First Hospital
approved this study. Informed consent was obtained
from each participant enrolled in the study. The subjects
were divided into 3 groups according to the guidelines
for chronic kidney disease [17]: 21 with macroalbumi-
nuria (Macro-MA group), 23 with microalbuminuria
(Micro-MA group) and 37 with normoalbuminuria
(Nor-MA group). Macroalbuminuria, microalbuminuria
and normoalbuminuria were defined as urine albumin
excretion (UAE) > 300 mg/24 h, 30–300 mg/24 h and <
30mg/24 h [17], respectively.
The exclusion criteria were (1) history of overt cere-

brovascular disease (including any degree of cardiac

insufficiency, angina pectoris and stroke); (2) severe,
nonregulated high blood pressure, defined as systolic
blood pressure > 160 mmHg/diastolic blood pressure >
100 mmHg; (3) severe dyslipidemia (total cholesterol >
400 mg/d; (4) urinary tract infection or any other acute
inflammation or infection; (5) kidney diseases besides
DN or the use of anticonvulsant drugs, anti-
inflammatory drugs or nephrotoxic drugs; (6) diagnosed
liver failure or malignancy under the previous diagnosis;
(7) current pregnancy or lactation; (8) positivity for islet
cell autoantibodies, indicating the possibility of type 1
diabetes mellitus; (9) current treatment with thiazolidi-
nediones, which are known to increase the plasma ADP
level.

Clinical measurements
Physical examinations were performed, which included
measurements of blood pressure, height, weight and
other anthropometric parameters. Samples of venous
blood were drawn from all patients after an 8-h fast be-
fore and after treatment. Biochemical and hematological
properties were determined with routine technologies in
one analyzing instrument. Blood was collected into 4 ml
EDTA-containing tubes and centrifuged for 30 min at
3000 rpm for 10min. Serum samples were stored as ali-
quots with no preservatives at − 80 °C for 3 months on
average until the cytokine study.

Assessment of circulating ANP and cytokines
Serum ANP (catalog number bsk00431, Bioss, Burling-
ton, ON, Canada), ADP (catalog number bsk00199,
Bioss, Burlington, ON, Canada), IL-6 (catalog number
bsk00040, Bioss, Burlington, ON, Canada) and TNF-α
(catalog number bsk00162, Bioss, Burlington, ON,
Canada) levels were measured by using commercially
available human ELISA kits according to the manufac-
turer’s instructions. The detection limits for ANP, ADP,
IL-6 and TNF-α were 10 ng/L, 30 μg/L, 2 ng/L and 8 pg/
L, respectively. The intratest and intertest coefficients of
variation were 5 and 10%, respectively.
Body mass index (BMI) was calculated as weight (kg)/

square of height (m).

Statistical analysis
SPSS (Statistical Package for Social Sciences) version
20.0 for Windows was used for statistical analysis. For
continuous, normally distributed data, mean ± SD values
are reported; otherwise, the median (interquartile range)
is reported. To assess correlations of categorical
variables with the Macro-MA and Nor-MA groups, the
chi-square test was used. ANOVA compared variables
between 3 groups. The Kruskal-Wallis test was used to
compare three groups on nonnormal variables. Correla-
tions were tested by conducting regression analysis. To
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determine the relationship between numerical variables
for normally distributed groups, Pearson’s correlation
coefficient was calculated, and Spearman’s test was used
for abnormally distributed groups. Logistic regression
analysis was conducted to assess the associations be-
tween ANP level and the other parameters assessed.
Two-tailed p values < 0.05 were considered significant.

Results
According to Table 1, the individuals in the 3 groups
were well matched for age and sex composition. SBP
was significantly higher in the Macro-MA group than
in the other 2 groups, while DBP was comparable be-
tween the 3 groups. No differences were identified in
alanine transaminase (ALT), aspartate transaminase
(AST), total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), Na, K or uric acid
(UA) between the 3 groups. Naturally, the glycosyl-
ated hemoglobin (HbA1c) levels of all patients were

above the normal range, but HbA1c was lower in the
Macro-MA group than in the other two groups (p <
0.05). Glucose in the Macro-MA group was 6.35
(5.09, 8.08) mmol/L, which was distinctly lower than
that in the other two groups. Macroalbuminuria pa-
tients showed markedly higher durations of DM, Cl,
serum creatinine, and urea but lower plasma albumin
levels (p < 0.05 in all comparisons).
The serum ANP level in the Macro-MA group was

significantly higher than that in the other two groups
(11.25 ± 4.05 ng/L and 13.58 ± 6.43 ng/L in normoalbu-
minuria and microalbuminuria, respectively). Interest-
ingly, compared to the patients with normoalbuminuria,
the macroalbuminuria patients had higher serum ADP
(p < 0.001). Furthermore, the levels of TNF-α and IL-6
increased as nephropathy progressed, with median
serum TNF-α levels of 13.49 pg/mL in the normoalbu-
minuric group, 15.22 pg/mL in the Micro-MA group,
and 18.28 pg/mL in the Macro-MA group. The median
serum levels of IL-6 were 2.13 ng/L in the

Table 1 General clinical profiles between 3 groups

Variable Nor-MA Micro-MA Macro-MA p value

N 37 23 21 –

Men (%) 23 (62.2) 11 (47.82) 11 (52.38) 0.533a

Age (years) 61.32 (11.69) 66.17 (13.41) 66.10 (8.68) 0.181b

BMI (kg/m2) 23.24 (20.85,26.86) 24.24 (21.97,26.67) 24.78 (22.95,27.24) 0.709b

Duration (years) 3.40 (3.49) 10.13 (6.61) 16.52 (7.90)** < 0.001a

SBP (mmHg) 127 (13) 133 (17) 139 (17)** 0.025a

DBP (mmHg) 78 (7) 77 (8) 79 (8) 0.522a

UAE (mg/24 h) 11.94 (7.44,21.09) 96.90 (54.78,168.66) 1155.77 (854.69,1575.00)** < 0.001a

HbA1c (%) 8.50 (7.00,10.55) 9.10 (7.00,10.20) 7.10 (6.15,8.20)* 0.018b

ALT (IU/L) 23.16 (11.78) 30.09 (40.82) 19.19 (9.14) 0.299a

AST (IU/L) 27.57 (19.13) 30.83 (26.49) 20.82 (13.53) 0.256a

TC (mmol/L) 4.78 (3.80,5.35) 4.45 (3.22,5.53) 5.26 (3.84,6.14) 0.286b

TG (mmol/L) 1.88 (1.66) 2.18 (2.05) 2.71 (2.43) 0.317a

HDL-C (mmol/L) 1.15 (0.98,1.35) 1.05 (0.92,1.36) 1.05 (0.87,1.24) 0.421b

LDL-C (mmol/L) 2.54 (1.91,3.03) 2.27 (1.37,2.84) 2.95 (1.80,3.50) 0.229b

BUN (mmol/L) 6.02 (1.26) 7.28 (3.84) 11.26 (6.41)** < 0.001a

Cr (umol/L) 68.34 (21.80) 86.73 (57.11) 175.38 (109.76)** < 0.001a

Na (mmol/L) 141.80 (139.45,142.85) 140.70 (139.60,142.60) 141.70 (139.10,144.15) 0.610b

K (mmol/L) 3.83 (3.60,3.99) 3.87 (3.56,4.30) 3.77 (3.34,4.36) 0.728b

Cl (mmol/L) 101.90 (100.95,102.30) 102.80 (101.10,104.90) 104.90 (102.15,107.35)** < 0.001b

UA (umol/L) 353.00 (251.50,428.00) 298.00 (263.00,465.00) 355.00 (306.00,476.00) 0.415b

ALB(g/L) 40.50 (38.60,40.75) 41.40 (36.50,43.60) 34.80 (30.70,38.05)** < 0.001b

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, UAE urinary albumin excretion, HbA1c glycosylated hemoglobin, ALT alanine
transarninase, AST aspartate transaminase, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, BUN blood urea nitrogen, Cr
plasma creatinine, TC total cholesterol, TG triglycerides, UA uric acid, ALB plasma albumin
Continuous variables were expressed as mean (standard deviation) and non-normally distributed variables were expressed as median (interquartile range). An
ANOVA test was used to to compare differences of mean between 3 groups (a). The Kruskal-Wallis test was used to compare differences of mean between 3
groups with normal distribution (b)
*p < 0.05 compared with control group,**p < 0.01 compared with control group
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normoalbuminuric group, 2.20 ng/L in the Micro-MA
group, and 3.21 ng/L in the Macro-MA group (Table 2).
The above variables were assessed by multivariate stat-

istical analysis (Table 3). In the entire sample, Pearson’s
or Spearman’s linear correlation test revealed a positive
relationship of ANP with UAE (r = 0.235, p = 0.035),
BUN (r = 0.235, p = 0.034), and plasma ADP (r = 0.772,
p < 0.001) (Fig. 1a), IL-6 (r = 0.816, p < 0.001) (Fig. 1b)
and TNF-α (r = 0.876, p < 0.001) (Fig. 1c). A correlation
was noted between ANP and the duration of DM in sim-
ple linear regression. There was a negative relationship
between ANP and plasma albumin (r = − 0.267, p =
0.016). There was no noticeable correlation between
ANP and any other variable: BP, lipid levels, glucose,
liver enzymes and urea (Table 3). In univariate analysis,
all the parameters listed in Table 4 displayed associa-
tions with the DN development process. In Model 1, be-
cause the duration of diabetes was an independent risk
factor, we excluded it from the analysis, and all the pa-
rameters included in this model were significant factors
for DN development. Model 2 included the duration of
diabetes, and the results showed that both UAE and
BUN were not significant predictors, while plasma ANP
and DM duration were correlated with each other. The
duration of DM was a powerful confounder in the rela-
tionship between ANP and DN development. Further-
more, ADP, TNF-α and IL-6 still correlated
independently with ANP (p < 0.05) after adjustment for
the duration of diabetes and BUN.

Discussion
In this study of 81 T2DM participants, 44 had albumin-
uria and 40 did not. The blood inflammatory cytokines
and ANP and the albuminuria levels were measured.
Post hoc analysis showed as follows: (1) serum ANP was
higher in the DN group than in the control (T2DM)
group [18–20]; (2) serum ANP was higher in the macro-
albuminuria stage of DN; (3) serum ADP, TNF-α, and
IL-6 levels were increased in the presence of DN; (4)
serum ANP level was significantly positively correlated
with ADP, TNF-α, and IL-6 levels; (5) serum ANP was
positively correlated with DN stage after adjusting for

the risk factors; and (6) ANP was level demonstrated to
be an independent risk factor for DN.
ANP is a cardiac hormone that provides negative feed-

back under elevated blood pressure and fluid volume [3].
Robert et al. [21] showed that ANP may well improve
intravascular protein glomerular permeability in the
glomerulus when synthetic human ANP is infused in pa-
tients with nephrotic syndrome. ANP dilates afferent ar-
terioles and constricts efferent arterioles, producing an
increase in glomerular capillary pressure and leading to
a rise in the fractional excretion of proteins [22]. For the
foregoing reasons, ANP may induce microalbuminuria.
According to Desai et al. [23], the higher the plasma
level of ANP is, the more rapidly renal function deterio-
rates. We did not expect ANP to be elevated during DN
development, though there are several possible explana-
tions for this finding. First, reduction in renal function
with disease course may elevate fluid volume, and higher
left atrial pressure induces greater secretion of ANP.
Second, one major metabolic pathway of ANP involves
binding to clearance receptors (NPR-C) [24]. As revealed
in one recent study, the number of NPR-C proteins on

Table 2 Plasma cytokines levels of patients according to the
albuminuria categories

Variable Nor-MA Micro-MA Macro-MA

ANF (ng/L) 11.25 (4.05) 13.58 (6.43) 19.20 (13.43)**

TNF-α (pg/mL) 13.49 (4.67) 15.22 (7.57) 18.28 (13.50)*

ADP (ug/L) 4.96 (2.52) 5.55 (2.74) 7.96 (6.16)**

IL-6(ng/L) 2.13 (1.18) 2.20 (1.35) 3.21 (2.95)*

ANP atrial natriuretic peptide, ADP adiponection, IL-6 interleukin-6, TNF-α
tumor necrosis factor-α
*p < 0.05 compared with control group,**p < 0.01 compared with
control group

Table 3 Correlation analysis between serum ANP and the
clinical parameters

Variable r p

Age 0.034 0.760a

BMI 0.109 0.334b

Duration 0.285 0.010 a

SBP 0.066 0.559a

DBP 0.087 0.442a

HbA1c −0.003 0.978b

UAE 0.235 0.035b

TC 0.072 0.552b

TG 0.106 0.346a

HDL-C −0.023 0.838b

LDL-C 0.034 0.764b

BUN 0.235 0.034a

Cr 0.198 0.076a

UA 0.123 0.274b

ALB −0.267 0.016b

ADP 0.772 < 0.001a

IL-6 0.816 < 0.001a

TNF-α 0.876 < 0.001a

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood
pressure, UAE urinary albumin excretion, HbA1c glycosylated hemoglobin, ALT
alanine transarninase, AST aspartate transaminase, HDL high-density
lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, Cr plasma
creatinine, BUN blood urea nitrogen, TC total cholesterol, TG triglycerides, UA
uric acid, ALB plasma albumin, ANP atrial natriuretic peptide, ADP
adiponection, IL-6 interleukin-6, TNF-α tumor necrosis factor-α
a Pearson test
b Spearman test
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platelets in elderly subjects decreased, which could be
associated with a reduction in the synthesis of this re-
ceptor or delayed recycling to the cell surface [25].
Third, ANP is downregulated by neutral endopeptidase

(NEP), an enzyme expressed in the kidney. NEP expres-
sion in renal tissue was downregulated among chronic
renal failure patients. These changes eventually result in
decreased clearance of ANP from the circulation. Thus,

Fig. 1 a Correlation between ANP and serum ADP in patients with T2DM. b Correlation between ANP and serum IL-6 in patients with T2DM. c
Correlation between ANP and serum TNF-α in patients with T2DM
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ANP may participate in DN development, but the pre-
cise mechanisms remain unclear.
ANP is capable of regulating lipolysis and lipid

mobilization in humans. Moreover, it might regulate
adipose tissue inflammation by regulating the secre-
tion of inflammatory cytokines [26, 27]. The elevated
levels of TNF-α, IL-6 and ADP here showed strong
positive correlations with ANP concentration and
the degree of albuminuria, in line with existing stud-
ies [18, 19]. As revealed in one study, adipocytes
probably express all components of the ANP signal-
ing pathway [16]. ANP induces the secretion of IL-6
and TNF-α via the guanylate cyclase-coupled A re-
ceptor (NPR-A) in macrophages [28]. Activation of
the NPR-A receptor stimulates a rise in cGMP
levels, activating protein kinase G; as a result, lipoly-
sis is stimulated, to produce IL-6 and TNF-α. ADP,
a “conducive” adipokine that reduces inflammation,
is reduced in diabetes, and high ADP levels are asso-
ciated with a lower risk of developing T2DM [29–
31]. Nevertheless, ADP concentrations are higher in
patients with high albuminuria, especially in Macro-
MA subjects, and positively predict the prognosis of
this disease [32]. ADP is known to act via AMP-
activated protein kinase, as does ANP in adipocytes
[33]. A similar effect was also indicated in healthy
people, in which ANP raises ADP in a dose-
dependent manner [34]. This phenomenon is in line
with the possible mechanism by which ANP directly
upregulates ADP and thereby counteracts ANP-
induced lipolysis. One small clinical study has re-
ported that decompensated heart failure patients
who had undergone therapeutic ANP infusions had
increased plasma levels of total and high-molecular-
weight ADP [35]. As reported by recent studies,
during DN development, increased production and
excretion of inflammatory cytokines result in aggra-
vated glomerular hypertrophy and disappearance of
podocytes, which are activated and contribute to de-
teriorating kidney function [36]. ANP may promote
the progression of DN by stimulating the secretion

of inflammatory cytokines. Further investigation of
ANP receptor antagonists or enzyme inhibitors can
significantly improve and postpone the progression
of DN.
Patients treated with thiazolidinediones, which are

known to partly increase the plasma ADP level, as well
as those treated with thiazolidinediones, anticonvulsant
drugs, anti-inflammatory drugs or nephrotoxic drugs,
were excluded because these drugs affect the level of in-
flammation detected.
Notably, HbA1c levels were decreased more in the

macro-MA group than in the other 2 groups. This
could be explained by the fact that patients with a
longer duration of DM and diabetic complications are
more diligent about managing their blood glucose. In
addition, as suggested in a previous study, ANP may
impact the etiology of diabetes primarily by inhibiting
glucagon secretion [37] and the enzyme insulinase
produced in the kidneys. Moreover, Sabrina U et al.
[38] isolated pancreatic islets from adult mice and
showed that ANP enhanced insulin secretion under
the stimulation of glucose and triggered β-cell
growth.
This study has some limitations. First, the cross-

sectional design for the baseline group analysis and
the restricted size of each group are likely to affect
the result. Randomized studies with larger samples
will be required for more in-depth exploration. Sec-
ond, we cannot completely exclude the possibility
that ANP influenced the clearance of renal or hep-
atic cytokines. Finally, only plasma cytokines were
measured, but measuring ANP and other cytokines
in urine might help in the interpretation of the
results.

Conclusion
In summary, increased circulating concentrations of
plasma ANP, which were correlated with a longer
duration of DM, could precede the development of
type 2 diabetic kidney disease with no noticeable car-
diovascular disease, revealing one likely effect exerted

Table 4 Multiple regression model for the determinants of serum ANP

Independent
variable

Model 1 Model 2

β SE Wald p OR β SE Wald p OR

UAE (mg/24 h) 0.150 0.211 8.227 0.033 1.92 (1.37–2.27) 0.059 0.509 9.231 0.450 1.12 (1.03–2.32)

TNF-α (pg/mL) 0.528 0.254 9.017 < 0.001 2.23 (1.13–2.43) 0.519 0.673 12.187 < 0.001 2.01 (1.45–3.61)

ADP (ug/L) 0.233 0.365 7.157 0.001 2.07 (1.14–2.87) 0.224 0.396 10.172 0.001 2.31 (2.11–3.12)

IL-6 (ng/L) 0.255 0.373 7.651 0.006 2.62 (1.42–3.19) 0.233 0.523 7.894 0.005 2.89 (2.71–3.58)

BUN (mmol/L) 0.127 0.403 9.187 0.032 1.93 (1.60–2.45) 0.041 0.652 8.921 0.592 1.16 (1.11–2.45)

UAE urinary albumin excretion, ANP atrial natriuretic peptide, ADP adiponection, IL-6 interleukin-6, TNF-α tumor necrosis factor-α, BUN blood urea nitrogen
Model 1 is unadjusted for duration of diabetes
Model 2 is adjusted for duration of diabetes
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by such bioactive peptides that could be useful in
monitoring the DN development process in the early
phase. Further investigations on the molecular mech-
anism of ANP in the kidney and of inflammatory cy-
tokines should be performed to prevent and delay
renal disease development in T2DM patients.
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